I. INTRODUCTION
ECENTLY, the interest in integrated optical waveguides R in silica on silicon for telecommunication purposes has increased. These waveguides have rectangular core cross sections and step refractive-index profiles [l] . Normally, it is desirable that only the fundamental mode is guided. For accurate analysis and design it is important to have a simple and fast method for the determination of the eigenfields for such waveguides.
Many authors have presented methods for solving the wave equation for a single-mode rectangular waveguide. One method is the effective index method (EIM) [2] which is a very fast but inaccurate method. Goell has presented a circular harmonic analysis that is based on the solution of a nonlinear matrixeigenvalue equation involving all six field components [3] . This method is very accurate but time consuming. Another accurate method is the finite element method [4] , but this requires computations involving large matrices, which is also time consuming. Garlerkin's method has been used with trigonometric [5] and Hermite-Gauss basis functions [6] to transform the scalar wave equation into a linear eigenvalue matrix equation. For a rectangular core the two latter methods require calculus with large matrices to be accurate.
In this paper we present two fast and simple methods for the determination of the electric field in a dielectric waveguide with rectangular core cross section. Both methods are based on Garlerkin's method. In the first case we have used the Hermite-Gauss functions as basis but, in contrast to the method described in [6] , we have optimized the spot-sizes of the Hermite-Gauss functions. In the second method we have used the guided and nonguided modes of two slab waveguides as basis functions. The nonguided modes are introduced by including an air-cladding boundary at a variable distance from the waveguide center. The core refractive indexes and the distances from the waveguide centers to the cladding boundaries for the two slab waveguides are optimized. The accuracies of our methods are determined by comparisons with results from the circular harmonic analysis [3].
THEORY
This section will briefly describe our methods in general, and introduce the two sets of basis functions mentioned in the introduction. Fig. 1 shows the geometry for which the wave equation should be solved, as well as it defines the geooptical parameters, n1 and n2 are the core and cladding refractive indexes, respectively, 0, is the core width, and b is the core height.
The scalar wave equation for an electromagnetic wave prop- the most accurate solution to the scalar wave equation for a given N is obtained.
HERMITE-GAUSS BASIS FUNCTIONS
The Hermite-Gauss functions form an orthonormal set of functions as H , (w) is the Hermite polynomium of order / and argument W.
a, and ay are the spot-sizes of the Hermite-Gauss functions. The integrals involved in the matrix elements (3) can all be calculated analytically for a rectangular waveguide, as outlined in Appendix A. We use a, and ay as variational parameters. In [6] these values are fixed at
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These two values were used as starting guess in our maximization of i]. The method is referred to as the optimized Hermite-Gauss method (OHGM) when U, and oy are optimized and otherwise as the Hermite-Gauss method (HGM). Fig. 2 shows how the original waveguide structure is divided into two slab waveguides with core refractive indexes n, and 7 i y , respectively. We include a set of higher order nonguided modes by introducing a cladding-air boundary at the distances x,,,, and yrrlax from the waveguide center. The field is assumed to be zero at these boundaries. The guided solutions are given by mode rectangular waveguide. Further, Fig. 4 shows that the slab waveguide method requires fewer basis functions than the OHGM for the same accuracy. Since the calculation time as a function of N is approximately the same for the SWM as for the OHGM, the former method is the fastest for a specified accuracy.
IV. SLAB WAVEGUIDE SOLUTIONS
The error in P2 calculated at B = 1.0 with the simple effective index method is 3%. The SWM with N = 1 may be thought of as an optimized effective index method and, as seen from Fig. 4 , the error is less than 1%. Furthermore, for N -1 P 2 is calculated directly without the solution of an eigenvalue equation, and only 71, and njy should be optimized. Therefore, this is a very fast and simple method. (Fig. 5(a) ) and a / b = 2 ( Fig. 5(b) ).
The figure demonstrates that the SWM gives a clear improvement in accuracy compared to the EIM. To investigate the accuracy of the propagation constant for higher order modes we have calculated the results shown on Fig. 6 . The waveguide has a / b = 1, and we use the same notation as in [3] for the modes. As the slab waveguide method is both faster and more accurate than the optimized Hermite-Gauss method, results are shown for the former method only. Fig. 6 shows that the SWM gives a clear improvement in accuracy compared to the effective index method. The cut-off for the E12 and the E22 mode is calculated with a relative error of less than 3 and 1%, respectively. = C&a i
The + should be used for even modes and the -for odd modes. Similar expressions are found for the 9-dependency.
